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Recent theoretical studies of 2,6-diamino-3,5-dinitropyrazine-1-oxide (C4H4NgOs5
Lawrence Livermore Molecule No.105, LLM-105) report unreacted high pressure
equations of state that include several structural phase transitions while one published
experimental study reports EOS data up to a pressure of 6 GPa with no observed
transition. Here we report the results of a synchrotron-based X-ray diffraction study
and also ambient temperature isobaric-isothermal atomistic molecular dynamics sim-
ulations of LLM-105 up to 20 GPa. We find that the ambient pressure phase remains
stable up to 20 GPa; there is no indication of a pressure induced phase transition.
We do find a prominent decrease in b-axis compressibility starting at approximately
13 GPa and attribute the stiffening to a critical length where inter-sheet distance
becomes similar to the intermolecular distance within individual sheats. The ambi-
ent temperature isothermal equation of state was determined through refinements of
measured X-ray diffraction patterns. The pressure-volume data was fit using various
EOS models to yield bulk moduli with corresponding pressure derivatives. We find

very good agreement between the experimental and theoretically derived EOS.
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I. INTRODUCTION

Low thermal and shock sensitivity and high energy density are among the most important
characteristics of a useful energetic high explosive material. 2,6-diamino-3,5-dinitropyrazine-
1-oxide (C4H4NgO5 Lawrence Livermore Molecule No.105, LLM-105) stands out as a very
promising candidate due to its low insult sensitivity and high energy output. Indeed, ex-
perimental studies reveal that LLM-105 (usually in the form of a plastic ponded-polymeric
matrix formulation e.g. with Kel F-800') sensitivity is between the 1, 3, 5-triamino-2, 4,6-
trinitrobenzene (TATB) a highly insensitive explosive, and octahydro-1, 3, 5, 7-tetranitro-1,
3, 5, T-tetrazine (HMX), which is more sensitive.? Additionally, the energetic content of
LLM-105 is also between TATB and HMX (about 20% above TATB and 15 % below HMX).?

LLM-105 was first synthesized in 1998* and it has attracted considerable experimental® '°
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and theoretica interest for the aforementioned reasons. From these studies, a deto-

nation velocity >7500 m/s (depending on the formulation®!?)

and a detonation pressure
>30 GPa have been reported. Moreover, LLM-105 remains stable up to ~ 530 K, where
decomposition occurs at ambient pressure.® Engineering design initiatives have also been
focused to produce energetic micro- and nano-structured devices; and recently, one such

project yielded LLM-105 microtubes.5

LLM-105 crystalizes in a monoclinic structure (SG: P2;/n (14), Fig. 1) with four for-
mula units per unit cell® and its relatively high stability should arise from the existence
of intra-'2 and inter-'® molecular hydrogen H--- O bonds. The high pressure structural be-
havior of LLM-105 has been studied both theoretically'®!* (T= 0 K) up to ~ 50 GPa and
experimentally® up to 5.5 GPa. A series of structural phase transitions at 8, 17, 25 and 42

GPa have been proposed by Wu et al.'*

based on irregular changes of lattice parameters.
More recently, Manaa et al.!® concluded that the ambient pressure phase of LLM-105 re-
mains stable up to 45 GPa. Both theoretical studies suggest that LLM-105 exhibits highly
anisotropic compressibility, i.e. a and ¢ axes are much stiffer than the b-axis. Because
experimental results of LLM-105 were reported only up to a maximum 5.5 GPa, the issue of
structural behavior at higher pressures must be re-examined and established. Moreover, an
accurate determination of the room-temperature high-pressure unreacted EOS is essential
for continuum based simulations of physical and mechanical properties and performance

under loading conditions..!?



In this work, we have conducted a detailed X-ray diffraction (XRD) and first principles
room temperature computational simulations of LLM-105 up to 20 GPa. We implemented
dispresion-corrected density-functional theory (DFT) based isothermal-isobaric molecular
dynamics simulations (T= 300 K) at various pressures for single crystal LLM-105. We find
from both the experimental and computational results that LLM-105 remains in the ambient
phase up to the highest pressure of this study without any sign of a structural phase transi-
tion. The simulation results are found to be in very good agreement with the experimentally
determined EOS up to 20 GPa. It is established that LLM-105 clearly exhibits anisotropic
compression; up to 13 GPa, compressibility along the b-axis is measurably higher than along

the a and ¢ axes.

FIG. 1. Schematic representation of the ambient pressure monoclinic LLM-105 phase. Intra-'2 and

inter-'6 hydrogen bonds are indicated with dashed grey lines.

II. METHODS
A. Experimental

LLM-105 was synthesized with a 57% yield by the nitration of 2,6-diaminopyrazine-1-
oxide (DAPO) with a mixture of 100% HNO; and 10% fuming sulfuric acid at 20-30 °C
for 3h. Recrystallization was achieved by dissolving LLM-105 as a 2.5% solution in N,N-
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dimethylformamide (DMF) at 120 °C, and by slowly adding two volumes of warm water and
allowing the mixture to cool to ~ 40 °C. The LLM-105 crystal habit typically exhibits as
brilliant yellow rods. Additional details of the synthesis procedure can be found in Ref. [4].

LLM-105 single crystals where ground to a fine powder for x-ray diffraction measurements.
The sample including pressure sensors were loaded into diamond-anvil cell (DAC) sample
chambers. For each of two x-ray studies, rhenium gaskets (preindented to 40-45 pm thick us-
ing 400 um culets) were used to radially confine the pressurized samples. Initial sample cham-
ber diameters were nominally 150 pm. Silicone oil was utilized as a pressure-transmitting
medium (PTM): it is relatively inert, easy to load, and does not exhibit Bragg diffraction
peaks. A MAR355 CCD detector was used to collect pressure dependence X-ray diffraction
data at the Advanced Light Source Beamline 12.2.2 (x-ray spot size is ~10umx10um and
A:O.4959A). To minimize the possibility of x-ray induced decomposition, diffraction mea-
surements were never repeated at the same spatial position within the sample. Pressure
was determined using a known ambient temperature EOS of gold!” and also calibrated ruby
luminescence.'® The maximum pressure uncertainty was less than 0.2 GPa at the highest
pressure achieved in this study where also the deviatoric stress within the PTM exceeds 3
GPa.!Y Powder diffraction patterns were integrated using the FIT2D2% program to yield

scattering intensity versus 26 diagrams.

B. Computational methods

The reported calculations were performed using the description of our previous study,
which determined the cold compression curve (T= 0 K) of LLM-105, among other properties.!?
Briefly, we use DFT within the generalized gradient corrected approximation of PerdewBur-
keErnzerhof (PBE) for the exchange-correlation potential.?! Lack of dispersion interaction
in DFT was corrected for with the inclusion of two-body (D2) dispersion correction as
proposed by Grimme.?? A dual basis set formalism for the description of wavefunctions
and for electron density was utilized. A triple zeta with double polarization (TZV2P)
Gaussian type orbital basis was implemented for the wavefunctions, while plane wave basis
expanded to 320 Ry is used to represent the electron density. The core electronic states
are represented by the norm conserving Goedecker-Teter-Hutter pseudopotentials.?? For

cell/geometry optimization, the following convergence criteria were implemented: total en-
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ergy was converged to a tolerance of less than 1x107° eV /atom, the residual forces to less
than of 0.03 eV/A, the residual stress to less than 0.05 GPa, maximum displacement to
less than 0.001 A, and the self-consistent field convergence criterion of 5x10~7 eV /atom.
The isobaric-isothermal molecular dynamics simulation is carried out following the recipe
outlined by Schmidt et al.?* The wavefunctions are explicitly minimized to 10" Hartree
using the orbital transformation method for every dynamics step.?” Forces are then utilized
to propagate the molecular dynamics simulation in the isothermal-isobaric ensemble (NPT)
with a fixed time step of 0.5 fs. Simulations were conducted at T= 300 K, with temperature
being controlled via individual Nos-Hoover chains coupled to each degree of freedom with
a coupling constant of 2000 cm™!.2527 The barostat characteristic frequency was set to 500
fs. The calculations were performed on a supercell of dimension 3x1x2 (containing 24
LLM-105 molecules, 456 atoms) using the Quickstep module within the CP2K simulation

suite.2829

IIT. RESULTS

In Figure 2(a), the experimental ambient pressure xrd pattern of LLM-105 is presented
together with the calculated pattern according to Ref. [5]. A perfect agreement between
these two patterns can be observed thus indicating the absence of solid impurities in the
starting LLM-105 specimen. Slight differences of relative intensity are normally attributed
to preferred orientation effects in the powder pattern. In Figure 3, selected pressure de-
pendent x-ray powder diffraction patterns of LLM-105 are presented. All except one of the
observed peaks in this pressure range can be indexed with the ambient phase monoclinic
structure. The intense additional Bragg peak, indicated with red arrows in Figure 3, appears
as a complete diffraction ring in 2D XRD images at very low pressures e.g., 0.1 GPa. It
shifts to higher angles (lower d-spacing) with increased pressure and gradually decreases in
relative intensity up to approximately 19 GPa where it virtually disappears. While the very
“clean” ambient pressure LLM-105 diffraction pattern (Fig. 2(a)) rules out the presence of
a solid impurity, pressure-induced crystallization of a liquid impurity would result in more
than one Bragg peak. The same peak has been also observed in a previous independent
XRD study of LLM-105 under pressure.?® However, with exception to this particular unas-

signed diffraction peak all other peaks up to 20 GPa can be indexed using the ambient phase



monoclinic structure and so, no first-order structural phase transition was detected up to
the highest pressure of this study. The diffraction patterns were analyzed by performing Le
Bail refinements using the GSAS3! software. A typical refined high-pressure profile is shown
in Fig. 2(b). Example results of the Le Bail refinements together with the results of the
theoretical calculations are summarized in Table I where EOS fit parameter values are also

listed.
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FIG. 2. Le Bail refinements of LLM-105 at (a) ambient pressure and (b) 10 GPa.

From NPT molecular dynamics simulation runs of up to approximately 11 ps we have
determined the cell parameters and volume at various pressure conditions and T = 300
K . We allowed an initial equilibration period of 1 ps and discarded this period from our
final analysis of the simulations results. In Figure 4, we present example time dependent
profiles for results obtained at P=10 GPa. In the figure, the pressure is assumed/computed
to be the trace of the stress tensor with the off-diagonal components proving to be very
negligible. Figure 4 also has the temperature (T = 300 K), the cell volume, and the lattice
parameters temporal profiles. A final set of values at each pressure-temperature run of the
cell parameters is obtained by using a block averaging procedure over the complete time
period of the simulation, which also yields a standard deviation for the final reported value.
A block size of 1 ps was used in the statistical analysis.

The pressure dependent lattice parameters and unit cell volumes for the compression

cycle are shown in Figure 5 (a) and (b) respectively together with the results of our ambi-
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FIG. 3. Selected pressure dependent X-ray diffraction patterns of LLM-105.
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FIG. 4. A sample of computational results of total pressure, temperature, supercell volume and

supercell parameters at P = 10 GPa.

ent temperature theoretical calculations. A very good agreement between the two sets of
data can be observed from the plots of Fig. 5: (a) b-axis as determined in this study is
more compressible than a and ¢ axes during initial compression and (b) the theoretically
predicted EOS is in agreement with the experimental data. In-line with most high-pressure

EOS studies, we conducted unweighted fits of the pressure-volume data using a third-order

7



Birch—Murnaghan (B-M) equation of state.?? The corresponding ambient condition bulk

modulus Ko and the first pressure derivative K’ results are summarized in Table 1.
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FIG. 5. Pressure dependence of (a) lattice parameters and (b) cell volume V of LLM-105. Ex-
perimental results and theoretical predictions with black and red symbols respectively. The solid
curves in (b) are the B-M 3rd order EOS fits. The inset in (b) shows the EOS data in relative

volume (V/Vy) representation.

To gain deeper insight into how LLM-105 performs under quasi-static compression, we
conducted weighted fits and used the reduced Y2, goodness-of-fit formalism to compare
the effectiveness of three EOS models to represent the P-V data. The reduced x?2,, value
closest to 1 represents the “winning model”. We tested the Birch-Murnaghan,3? (B-M),
2nd to 5% orders, the Vinet,?® and the F-f** finite strain 1** to 3"¢ order EOS models. For
each winning (best fit) model, where appropriate, we plot corresponding two-dimensional
confidence ellipses to reveal two-variable correlation information (see Fig. 6). Bivariable
confidence plots enable a more comprehensive basis for comparison of EOS parameters to
alternative theoretical and/or experimental results.?® In this way, one can accurately asses
if theoretical results are consistent with experimental results given a range of confidence.

The X2, function is used with the assumption that measured values have uncorrelated
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TABLE I. Experimental, this study and from Ref. [5], and calculated lattice parameters and cell
volumes of LLM-105 at selected pressures. Also listed are the bulk modulus, Ky and its pressure
derivative K’ at zero pressure as determined by third-order Birch—Murnaghan (B-M) equation of

state unweighted fits.

P(GPa) a (A) b(A) c (A) Veell (A3) K (GPa) K’

0 Expt. 5.723(2) 15.870(2) 8.424(2) 750.08(15) 15(4) 9(3)
0 Expt. (Ref. 5) 5.7159  15.8498  8.4139  748.16

0 Calc. 5.81(8)  16.05(9)  8.40(5)  769.51(14.36) 12.7(4)  9.4(3)
19.5 Expt. 515(8)  13.62(12) 7.74(8)  542(5)

20 Calc. 5.29(3)  13.3(3) 7.72(2)  535.79(3.92)

Gaussian distributed error. For the case of a small number (N < 100) of data points, (like
most high-pressure EOS studies), the uncertainty of x2.; values can be unacceptably large;
moreover, for nonlinear fitting forms such as higher order EOS models, the “hat”matrix
does not exist. In other words, there is no reliable means to compute the number of degrees
of freedom, (NDF) for parameters in a nonlinear model; and further, NDFs can vary during
an optimization search for a global minimum solution. For these reasons, we also conducted
Kolmogorov-Smirnov tests®67 (KS-test), i.e., compared converged model fit residuals to a
Gaussian distribution with a mean value pu= 0 and a variance of o> =1. The bias (high-
est region of sensitivity) of a KS-test is selected by the comparative Gaussian mean value
distribution value. In some reports, the KS-test has been proven to be more robust than
the reduced 2., formalism.?® KS-test values range from 0 (optimal) to 1 (poor). Applica-
tion of the B-M and Vinet models reveal that the third-order B-M and the Vinet models
yielded the statistically best representations of the data. The Y2, value of the Vinet model
is marginally better than the B-M model; and, the Max AP values are comparable. The
F-f model gives the lowest maximum pressure deviation from the data. The fit results are
summarized in Table II. The relatively high x2, values from fits to the experimental data
indicate that the assessed P-V errors are a bit low given the functional forms of the EOS
models. Alternatively, other EOS models may exist that more optimally represent the data

where y?,; values are closer to unity. Fits of the theoretical results, with very low 2.,
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values more clearly indicate that the assessed errors are a bit large (e.g., Vo) given the EOS

functional forms.

IV. DISCUSSION

As previously mentioned in the introduction, a series of pressure induced phase transitions
have been proposed by a previous theoretical study'* based on irregular changes of lattice
parameters. These results suggest that isostructural phase transitions occur with possibly
the same or closely related symmetry. Although no indication of a phase transition can be
observed from XRD patterns up to the highest pressure of this study, which rules out a first-
order phase transition, we further examine the possibility of a second order isostructutral
transition by performing a stress (normalized pressure=F= P[3f(1 + 2f)*/2]7!) -Eulerian
strain (f=0.5[(Vo/V)?/3-1]) (F-f) EOS analysis® (Fig. 6). The F-f EOS analysis is ideal to
illuminate delicate (low volume discontinuities) structural changes,* which are difficult to
determine using P-V EOSs.%%4! Here the Vinet EOS parameters were used as initial guess
value inputs for the F-f models. We observe that the pressure dependent stress increases
linearly up to the highest achieved pressure, (See Fig. 6(a)). Thus, there is no strong
indication of a pressure or strain induced modification to the initial structure. In Figure 6(b)

we can also note that our theoretically derived Ko and K’ values are not entirely consistent

TABLE II. The most optimal EOS model experimentally and theoretically weighted fits for LLM-
105. Note: K” is implied for Vinet and F(f) 1%¢ order results (See: O.L. Anderson, 1995 Oxford

Univ. Press)

Experimentally Weighted F'its

B-M order Vo Vo esd Ko Ko esd K K’ esd K K” esd Xied Max AP KS-test
3 750.1005 0.2852 11.8363 1.1623 17.7905 4.5725 [-17.5611] [11.1751] 14.4669 9.2728 0.6214
Vinet EOS Vo Vo esd Ko Ko esd K’ K’ esd K” K” esd Xf‘ed Max AP KS-test
750.0378 0.3275 13.1417 0.9188 11.9140 1.9647 [-3.1134] [0.9896 | 11.8954 10.3653 0.5648
F-f order Vo Vo esd Ko Ko esd K’ K’ esd K” K” esd X?‘ed Max AP KS-test
1 750.1000 1.0000 15.3196 1.3986 8.9599 1.2075 [-2.1834] [0.8835] 3.9560 5.2977 0.2576
Theoretically Weighted Fits
B-M order Vo Vo esd Ko Ko esd K’ K’ esd K” K” esd X?‘ed Max AP KS-test
3.0000 769.5273 0.3025 12.3797 0.1433 9.7180 0.1255 [-3.4171] [0.1321] 0.0046 0.1169 0.4711
F-f order Vo Vo esd Ko Ko esd K’ K’ esd K” K” esd X?‘ed Max AP KS-test
1.0000 769.5100 14.3600 12.5620 0.1459 9.5479 0.1340 [-3.2014] [0.1343] 0.0013 0.0972 0.4860
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with our experimental results at 99.7 % confidence levels. We believe this inconsistency is

primarily due to the theoretical Vo value, which is much higher than the experimental result.
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FIG. 6. a) LLM-105 cold-compression data fit to a first-order F-f model. The green line represents
an unweighted fit and the red line is an experimentally weighted fit. The blue line is from a 3rd
order B-M weighted fit and the violet line is a Vinet EOS mode Iweighte fit. b) Plotted confidence
ellipses for the F-f fit. The magenta colored ellipse is 0.607-c (50.3 % confidence), blue is 1-0 (68.3
% confidence), green is 2-0 (95.4% confidence), and the black ellipse is 3-0 (99.7% confidence). The
solid black square is the theoretical result and the solid orange square is an experimental result for

TATB.

It is interesting to compare the bulk modulus Ky and its pressure derivative K’ of LLM-
105 determined in this study with other molecular crystals. Such a comparison can provide
valuable information about intermolecular interactions.*? First, K’y appears to be in the same
range with large elemental molecules, e.g. Sg K’y = 8.8 and cyclic organic molecules.**
TATB, which is an insensitive high explosive cyclic molecule, exhibits Ky and K’g values that
place well within the 50 % confidence ellipse of LLM-105.4% High pressure derivative values
e.g., K’>4 are usually representative of molecular crystals consisting of large molecules.
K’ can be expressed as*® K’y=m+n+2 in the approximation of a simple power potential
U(V)=A/V™ - B/V". Larger molecular size is expected to result in a higher order repulsive
term and consequently to a higher K’y.#? On the other hand, the bulk modulus of LLM-105
appears to be much larger (almost double in experiment and in theory) in comparison to
aforementioned compounds. It is plausible to attribute the higher value of K in the case

of LLM-105 and TATB to the presence of extensive hydrogen bonding network, which may
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also enhance insensitivity to shock and thermal insults.
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FIG. 7. Pressure dependent axial ratios b/a and b/c of LLM-105. Experimental results and

theoretical predictions with black and red symbols respectively. The black solid lines are linear fits

of the experimental data below and above 13 GPa, and the dashed red curves are guides to the

eye. The vertical dashed line highlights the pressure where the pressure dependence of the axial

ratios bcomes pressure invariant.

LLM-105 exhibits higher compressibility along the b-axis as predicted by theoretical

13,14 and reported in a previous experimental® study. This anisotropic compressibil-

studies
ity is attributed to the 2D book-like sheet arrangement? of LLM-105 molecules (Fig. 1).
Asymmetric expansion of the unit cell upon heating and asymmetric contraction upon com-
pression are consistent with the previously reported book-like sheet structure perpendicular
to the b-axis, which results in increased repulsion between neighboring atoms in the a and
¢ directions.'® This is better highlighted in the plots of the axial ratios of Fig. 7. As can be
clearly seen, both b/a and b/c axial ratios decrease linearly up to ~ 13 GPa. Above this

pressure both axial ratios become pressure invariant up to 20 GPa. This signals an increase

in compressibility along the b-axis, which becomes equal with the other two axes. Inspec-
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tion of intermolecular distances reveals that at a critical pressure of 13 GPa the distance
between molecules in adjacent sheets is comparable with the intermolecular distance inside
the sheets. This in turns affects repulsion between neighboring atoms in b direction and
results in measurably lower compressibility. Here the theoretical results are not as defini-
tive with regard to this trend given that both axial ratios continue to decrease above 13
GPa, albeit with smaller slope. It may be that the critical pressure is more pronounced for
nonhydrostatic compression. Further, the calculations are conducted on a single crystal of
LLM-105, whereas the experimental determinations are derived from polycrystalline powder

samples.

V. CONCLUSION

The high-pressure structural behavior of LLM-105 has been explored by a joint experi-
mental and first-principles study up to 20 GPa. As concluded from both the X-ray diffraction
measurements and the theoretical calculations, no structural phase transition has been ob-
served up to this pressure. However, a prominent change of the compressibility of b-axis
is observed at approximately 13 GPa, which is attributed to the decrease of the distance
between molecules in adjacent sheets. At 13 GPa, the inter-sheet distance is compara-
ble with intermolecular distances along individual sheets. The respective bulk moduli and
corresponding pressure derivatives were derived from weighted and unweighted fits using
selected (relatively optimal) EOS models. The EOS results will improve the confidence of
thermochemical modeling predictions of high pressure-temperature detonation reactions of

energetic materials including LLM-105.
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